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Available online 4 December 2015Rice bean (Vigna umbellata Thunb.), a warm-season annual legume, is grown in Asia mainly
for dried grain or fodder and plays an important role in human and animal nutrition
because the grains are rich in protein and some essential fatty acids and minerals. With the
aim of expediting the genetic improvement of rice bean, we initiated a project to develop
genomic resources and tools for molecular breeding in this little-known but important crop.
Here we report the construction of an SSR-enriched genomic library from DNA extracted
from pooled young leaf tissues of 22 rice bean genotypes and developing SSR markers.
In 433,562 reads generated by a Roche 454 GS-FLX sequencer, we identified 261,458 SSRs, of
which 48.8% were of compound form. Dinucleotide repeats were predominant with an
absolute proportion of 81.6%, followed by trinucleotides (17.8%). Other types together
accounted for 0.6%. The motif AC/GT accounted for 77.7% of the total, followed by AAG/CTT
(14.3%), and all others accounted for 12.0%. Among the flanking sequences, 2928 matched
putative genes or genemodels in the protein database of Arabidopsis thaliana, corresponding
with 608 non-redundant Gene Ontology terms. Of these sequences, 11.2% were involved in
cellular components, 24.2% were involved molecular functions, and 64.6% were associated
with biological processes. Based on homolog analysis, 1595 flanking sequences were similar
to mung bean and 500 to common bean genomic sequences. Comparative mapping was
conducted using 350 sequences homologous to both mung bean and common bean
sequences. Finally, a set of primer pairs were designed, and a validation test showed that
58 of 220 new primers can be used in rice bean and 53 can be transferred to mung bean.
However, only 11 were polymorphic when tested on 32 rice bean varieties. We propose that
this study lays the groundwork for developing novel SSR markers and will enhance the
mapping of qualitative and quantitative traits and marker-assisted selection in rice bean
and other Vigna species.
© 2015 Crop Science Society of China and Institute of Crop Science, CAAS. Production and
hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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moderately short-lived legume. It is grouped into the large
Vigna genus, which also includes other pulse crops such as
adzuki bean (Vigna angularisWilld.), mung bean (Vigna radiata L.),
and cowpea (Vigna unguiculata L.). Usedmainly as a dried pulse or
fodder, rice bean is often grown in hilly areas or on poor soil in
East Asia [1]. In addition to its production of high-quality and
nutritious grain [2–4], rice bean is highly tolerant to drought and
acid soil [5,6] and is resistant to bruchid beetles [7] and several
diseases [2]. These characteristics make this species an impor-
tant genetic resource for crop breeding in the face of the frequent
occurrence of climate extremes and increasing risk of pests and
diseases. However, rice bean is a lesser known and underutilized
legume, and most cultivars are landraces [8,9].
As members of one of the most economically and agricultur-
ally important plant families, at least nine species of legume
have had their whole genomes sequenced, including soybean
[Glycine max (L.) Merr.] [10], common bean (Phaseolus vulgaris L.)
[11], mung bean [12], and adzuki bean [13]. The latter two species
are the most closely related to rice bean. Genome-wide synteny
between these legumes has been reported [14–16] and represents
a valuable resource for comparative analysis of legume genome
evolution and the construction of high-resolution molecular
linkagemaps for legumeswhosegenomesarenot yet sequenced.
Owing to the lack of molecular markers, genetic map construc-
tion [15,17] and diversity analysis [18,19] in rice bean have both
been performedwithmarkers transferred from related crops. No
QTL for important traits have been reported to date.
Simple sequence repeats (SSRs), which are widely distribut-
ed in genomes [20,21], have been used extensively for genetic
studies such as diversity evaluation [18,22,23], species identifi-
cation [24,25], and gene mapping [26–28] because of their
multi-allelic nature, reproducibility, co-dominant inheritance,
and simplicity of detection. Increasing numbers of studies
indicate that SSR-containing sequences play roles in gene
function [29–31], a phenomenon that might prove helpful for
mining gene-associated markers and accelerating the use of
SSRs in marker-assisted selection for breeding. However, little
information about SSRs in rice bean is known and no SSR
markers have been developed specifically for rice bean.
With the development and decreased cost of high-
throughput DNA sequencing, SSR markers have frequently
been developed in many species with unavailable genome
sequence by construction and sequencing of SSR-enriched
libraries [32–38]. This approach has also provided an efficient
way to improve understanding of SSRs in plant genomes. In
this study, we constructed and sequenced an SSR-enriched
library of rice bean and identified numerous SSRs in the
sequencedata. Then analyzed the distribution and frequency of
SSRs, annotated the SSR-containing sequences, and mapped
the flanking sequences to chromosomes of mung bean and
common bean [11,12]. Finally, we designed a subset of new
primers and validated their effectiveness and efficacy at
amplifying polymorphic sequences. We report the first
genome-wide SSR analysis and marker development for rice
bean, and hope that will promote genetic studies and SSR
marker-assisted breeding in this crop.2. Materials and methods
2.1. Construction and sequencing of an SSR-enriched library
To identify variation in SSR sequences, fresh young leaves of
22 rice bean genotypes were collected and mixed (Table S1).
Genomic DNAwas extracted using the CTABmethod [39]. The
quality and quantity of DNA were assessed by agarose gel
electrophoresis and a UV spectrophotometer, respectively.
An SSR-enriched library was constructed using methods
derived from recent reports, with minor modifications
[37,38,40,41]. Briefly, the genomic DNA was sheared mechan-
ically by N2 at 2.1 bar for 1.5 min, fragmented DNA between
500 and 800 bp in size was separated, polished with T4 DNA
polymerase, and ligated to adaptors. Nested PCR was used to
amplify the targeted fragments with primer sequences and
then hybridized to oligo-probes consisting of SSR motifs. SSR-
containing sequences adsorbed on streptavidin-coated mag-
netic beads were amplified by another round of PCR. Finally,
products were isolated for sequencing with a Roche 454 GS-FLX
instrument. The sequence data sets were processed to filter
out weak and low-quality reads and to trim off the adaptor
sequences using a series of normalization, correction and
quality-filtering algorithms in the EMBOSS open software suite
[42].
2.2. Identification of SSRs
SSRs were identified with the MISA (MIcroSAtellite) program
with settings of 10, 6, 5, 5, 5, and 5 for minimum repeats of
mono-, di-, tri-, tetra-, penta-, and hexanucleotides, respec-
tively. Complementary sequences [(A)n = (T)n, (AC)n = (GT)n,
and (ACC)n = (GGT)n] were included in calculating the ratios of
repeat motifs. Two or more SSRs separated by no more than
100 bp were considered as a compound SSR.
2.3. Function prediction of SSR-containing sequences
As the genome sequence of rice bean is not yet available, we
annotated the putative functions of the SSR-containing se-
quences using a homology-based method. SSRs were masked
and only flanking sequences longer than 100 bp were selected to
obtain more accurate prediction against the proteins of the
annotated genes in Arabidopsis thaliana (http://www.phytozome.
net/search.php) using BLASTx. All sequences with significant
alignments (E-value ≤ 10−4 and similarity ≥ 70%) were further
considered and their putative functions were assigned to three
independent Gene Ontology (GO) categories: biological process,
cellular component, and molecular function, using BLAST2GO
[43].
2.4. Mapping flanking sequences of rice bean SSR onto mung
bean and common bean chromosomes
Of the legume crops that have had their whole genome
sequenced, mung bean is themost closely related to rice bean,
whereas the genome of common bean is the most intensively
studied. To identify putative orthologous loci of rice bean SSRs
in the two relatives, the flanking sequences (≥100 bp) of SSRs
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in the databases of the reference genomes of mung bean and
common bean, using BLASTn. Only sequences that met the
following criteria were considered as putative loci of rice
bean SSRs in both genomes: E-value ≤ 1 × 10−10, sequence
identity ≥ 90%, and target sequence length ≥ 80 bp. Genomic
maps of mung bean and common bean were constructed
with ArkMAP [44] based on the results of BLASTn.
2.5. Primer design and validation
Primers were designed based on SSR-containing sequences
using Primer3 [45]. The major parameters were as follows:
primer length was set as 17–27 bp, with 20 bp being optimal,
PCR product size was set as 90–300 bp, optimum annealing
temperature was set in the range 47–57 °C, and the GC content
of the primer was set as 30–65%, with 50% being optimal. The
new primers were validated with a subset of primers using
rice bean genomic DNA, and transferability to mung bean
was assessed too. PCR was performed in a volume of 10 μL,
containing 10 mmol L−1 Tris–HCl, 50 mmol L−1 KCl, 2 mmol L−1
MgCl2, 100 mmol L−1 of each dNTP, 0.4 mmol L−1 of forward
and reverse primer, 10 ng genomic DNA, and 0.5 U of Taq
DNA polymerase. The reaction was performed with 35 cycles
consisting of 30 s at 94 °C for template denaturation, 30 s
for primer annealing, and 30 s at 72 °C for primer extension.
Products were separated by 6% polyacrylamide gel electropho-
resis using a DNA ladder to estimate fragment sizes, and
visualized by silver staining [46]. Polymorphism of the markers
that have clean and stable PCR fragments (here we call them
effective primers) was further evaluated using 24 Chinese
cultivated rice bean genotypes.3. Results
3.1. Data set of an SSR-enriched library from the rice bean
genome
A total of 433,562 reads were obtained, with a combined
length of 102.05 Mb. We identified 261,458 SSRs, of which
48.8% (127,532) were in compound form. Only 119,523 SSRs
were found to contain flanking sequences and to be applicable
for primer design. In these SSRs, the frequencies of bases C, A,
T, and G were 28.7%, 26.8%, 25.3%, and 19.2%, respectively.0
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Fig. 1 – Distribution of length of different SSR repeat typFrom the length distribution, it can be seen that the longer
the sequence repeat motif, the lower was the frequency of
mono-, di-, tri-, and pentanucleotides (Fig. 1). Mostmononucle-
otide SSRs had fewer than 15 repeats (83.5%). For di-, tri-, and
pentanucleotides, themajority of SSRs (72.7%, 79.3%, and 80.5%,
respectively) had fewer than 10 repeats. For tetranucleotide
SSRs, 61.4%were repeated 5–8 times, and a similar proportion of
repeats lower (49.7%) or higher (50.3%) than six was observed in
hexanucleotide SSRs.
3.2. Frequency and distribution of SSR in rice bean
Of the identified SSRs, dinucleotide repeats were the most
frequent class (81.6%), followed by trinucleotide repeats
(17.80%), while mono-, tetra-, penta-, and hexanucleotides
accounted for only 0.10%, 0.13%, 0.05%, and 0.33%, respective-
ly. Of mononucleotide motifs, 64.4% were A/T. AC/GT (95.2%)
was the most abundant type of dinucleotide repeats, followed
by AG/CT (4.6%). Of trinucleotide repeats, the most frequent
type was AAG/CTT (80.2%), with AAC/GTT (13.6%) ranking
second. Only three AAT/ATT and 11 CCG/CGG were observed.
For tetra-, penta-, and hexanucleotide repeats, ACGT/ACGT
(59.2%), AACAC/GTGTT (50.0%) and ACACGC/GCGTGT (21.8%),
respectively, were more frequent than others (Fig. 2). Overall,
AC/GT was themost commonmotif at (77.7%), 14.3% contained
the AAG/CTT motif, and the remaining 8.0% contained other
motifs.
3.3. Functional annotations of SSR-containing sequences
After the SSRs were masked, the flanking sequences (≥100 bp)
were used to conduct BLASTx searches against the protein
database of Arabidopsis. The flanking sequences of 2928 SSRs
showed significant matches with gene models. These gene
models were further found to correspond to 608 nonredun-
dant GO terms. These GO terms can be classified into three
groups: cellular components (11.2%), molecular functions
(24.2%), and biological processes (64.6%). Sequences involved
in cellular components were assigned to seven categories,
with 64.7% being associated with “cytoplasmic components”.
Eleven categories were assigned to molecular functions, with
the majority (52.1%) classified as being involved in “enzyme
activity”. Sequences associated with biological processes fell
into 11 categories, of which “cellular processes” (25.7%) and
“metabolic processes” (20.9%) were both prominent (Fig. 3).20-29 30-39 >=40
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Fig. 2 – Distribution and frequency of different SSR motifs
within each repeat type in the rice bean genome based on an
SSR-enriched library.
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common bean genomes
The flanking sequences (≥100 bp) of rice bean SSRs were
mapped to the mung bean and common bean genomes to
determine the syntenic relationship between the three species.
Of these flanking sequences, 1595 and 500 were mapped onto
annotated chromosomes of mung bean and common bean.
Another 572 and three flanking sequences were mapped onto
scaffolds of mung bean and common bean, respectively (Fig. 4).
Of the mapped flanking sequences, 350 were found in both
species, showing the synteny between them (Fig. S1).
3.5. Primer design and validation
We designed a set of non-redundant primer pairs based on the
flanking sequences of SSRs including 65.2% derived from
trinucleotide repeats, 32.9% from dinucleotide repeats, and
1.9% fromother repeat types. PCR validation showed that 58 of a
subset of 220 novel primers were effective in rice bean
and that 53 could be successfully transferred to mung bean.
Polymorphism tests showed that 11 yielded different alleleswhen tested in 32 rice bean accessions, selected at random from
the Chinese collections. For example, we detected more than
four distinct amplicons with the SSR marker Vum4-16 (Fig. 5).
These multiple bands were likely derived from different alleles
and suggested the genetic diversity of the rice bean germplasm.4. Discussion
The frequency and distribution patterns of SSRs vary among
different organisms. The predominant type in mushroom was
mononucleotide [47], in Citrus trinucleotide [48], in cucumber
tetranucleotide [49], and in cotton pentanucleotide [50]. The
statistics of SSR distribution at genomic [37], transcriptional [51],
and genic levels [52] in mung bean suggest that SSRs play
different roles in inter- and intragenic sequences. Here we report
the first study of SSR architecture in the rice bean genome.
Dinucleotide repeats accounted for the greatest proportion of the
total (81.6%), followed by trinucleotide repeats (17.8%). However,
in themung bean genome, dinucleotides and trinucleotides each
accounted for 48.6% of total repeat types [37], although these two
species both belong to subgenus Ceratotropis in genus Vigna.
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Fig. 4 – Frequencies of nucleotide sequence matches of rice bean with genomes of mung bean and common bean by
BLASTn alignment.
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bean genome, followed by AAG/TCC (14.0%). By contrast, in
mung bean, AC/GT accounts for 41.8% and AAC/GTT accounts
for 45.1% of all SSRs [37]. This difference can be explained by
the higher proportion of dinucleotide (81.6%) than of trinucle-
otide (17.8%) repeats and higher percentage of AAG/CTT
(80.2%) than AAC/GTT (13.6%) in trinucleotides in rice bean.
The distribution of SSR motifs in rice bean also differs from
that in faba bean [38]. However, for mononucleotide repeats,
A/T, typical in most legumes [37,53] and other organisms
[47,53], were also prevalent (64.4%) in rice bean. The frequency
of motifs also varied when assessed indifferent data; for
instance, AC/GT is the most prevalent dinucleotide motif in
mung bean at the genomic level, whereas AG/CT dominates at
the transcriptional level [51]. In addition, the motif frequen-
cies in different region of genome also vary greatly [54,55],
suggesting that different motifs play different roles in gene
functions.
The gene annotation of SSR-containing sequences in rice
bean suggested that many SSR-containing sequences were
associated with two or more known category functions. The
proportion of hits to non-redundant GO terms was much
lower than that for EST (expressed sequence tags)-SSR
reported in other species [48,56,57], and even lower than that
in mung bean at the genome level [37]. Among these known
GO annotations, more than half were associated with specific
biological processes (64.6%) involving cellular and metabolic
processes (46.6%), while only 11.2% and 24.2% were associated1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Fig. 5 – Polymorphism of newly developed SSR primewith cell components andmolecular functions. In comparison
with the results for mung bean, similar distributions of
detailed annotations within the three categories were ob-
served, possibly owing to the close relationship between the
two crops.
To characterize the synteny between rice bean and related
major crops, we mapped SSR flanking sequences to both the
mung bean and common bean genomes. Owing to their
relationships, different numbers of homologous sequences
were identified between the two species, and the number
of matches on chromosomes also varied greatly. From the
distribution of sequences shared between mung bean and
common bean, it can be seen that not all of the homologous
sequences in common bean have matches in the mung bean
genome. This finding may provide information about the
evolution of the three species. A modest proportion (26.4%)
of matches in mung bean genome matched with scaffolds,
suggesting that the assembly of the mung bean reference
genome needs to be improved. However, this comparative
mapping will enhance the use of these sequences in develop-
ing molecular markers for genetic relationship and evolution-
ary research among species.
We designed a series of primer pairs based on SSR flanking
sequences and validated a subset of primer pairs. The propor-
tions of effectiveness and polymorphism were lower than had
been observed in similar studies in legumes [37,38]. Although
we cannot explain the loweffectiveness, the lowpolymorphism
maybe due to the low diversity of samples used, given that the200 bp
100 bp
16 17 18 19 20 21 22 23 24 M
rs using Chinese cultivated rice bean germplasm.
45T H E C R O P J O U R N A L 4 ( 2 0 1 6 ) 4 0 – 4 732 germplasm accessions were all collected in China. A study of
SSR markers in Chinese mung bean similarly showed limited
diversity [19]. In fact, low diversity inVigna germplasmhas been
reported for several species, including both mung bean [58–63]
and adzuki bean [58–63], except when the tested samples were
selected from a wide geographical region [58–63] or wild
genotypes were included [18].
The low polymorphism of Chinese rice bean collections also
indicates that it is imperative to broaden the genetic pool by
plant introduction to provide more elite germplasm for rice
bean breeding. In addition, increasing the polymorphism of
markers by including wild genotypes in diversity analyses
or crosses in population construction is recommended, as
these measures have proven to be effective in several studies
[15,64–66]. In thepresent study, the set of novel primerswehave
described can be transferred to mung bean and will contribute
to comparative mapping between these two species.
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